Introduction
The mouse formin (Fmnn) gene, formerly known as the limb deformity gene, is a large and com-plex locus that spans 400 kilobases (kb), contains 24 known exons, and encodes many alternatively spliced and differentially polyadenylated transcripts leading to multiple protein isoforms called formins (1, 2) . Mice homozygous for fmn mutations display an autosomal recessive, pleiotropic phenotype affecting the kidneys and limbs (3) (4) (5) (6) (7) (8) . The limb phenotype is completely penetrant and consists of oligodactyly, syndactyly, and fusion of the radius and ulna as well as tibia and fibula. At the embryonic level, mutations at this locus disrupt formation of the anteroposterior axis of the embryonic limb, and differentiation of the apical ectodermal ridge (AER) fails to occur properly in mutant fmn embryos (9 -1 1).
The kidney phenotype is characterized by incompletely penetrant uni-or bilateral renal agenesis. Renal agenesis occurs at highly varying rates of incidence depending on the allele, ranging from 98% in fmnldJ mutant animals to 2.5% in fmnldlIn2 animals (7, 12) . In addition to renal agenesis, fmnldln2 mutant animals also display varying degrees of hydronephrosis and hydroureter (7) . The morphologic basis of the renal agenesis phenotype in one of the fmn mutant alleles, fmnd-J, has been demonstrated to be due to delayed ureteric bud outgrowth (12) . The differences in penetrance of the renal agenesis phenotype are likely due to strength differences inherent to the mutant alleles or to closely linked modifying loci rather than to differences in the genetic background (12) . Recently, WynshawBoris et al. (13) have reported that homozygous fmn mutant animals with a targeted disruption of Fmn exon 6 have a 6% (6/105) incidence of unilateral or bilateral renal agenesis.
During the course of our studies of the murine formin locus, we discovered mRNA transcripts whose exons appeared to be assembled in an unexpected order. In eukaryotes, the splicing machinery converts preRNA into messenger RNA (mRNA), in which the 5' to 3' linear order of exons most often corresponds to their order in genomic DNA. In several cases, however, transcripts have been detected in which downstream exons are accurately spliced 5' of upstream exons. In eukaryotic genes, such splicing of a donor site of a downstream exon to the acceptor site of an upstream exon, known as exon scrambling, was first described in transcripts of the DCC (deleted in colorectal carcinoma) gene (14) . To date, two other groups have reported scrambling of the genomic order of exons in eukaryotic RNA transcripts. In one case, novel transcripts of the human c-ets-1 gene were identified in which authentic splice sites were used, but the normal order of exons was reversed (1 5,16) . These scrambled transcripts are not polyadenylated and were found to be circular RNA molecules (17) . In another case, involving the rat cytochrome P450 2C24 gene, a circular RNA species was described in kidney and liver, which consisted of three exons with a scrambled exon junction (18) . Circular transcripts of the testis-determining gene Sry in adult mouse testis have also been found, yet in this case only one exon is present in the circular RNAs, with the 5' splice site of this single exon joined to its own 3' splice site (19) . None of these studies have addressed experimentally the question of the biological function of these circular RNA species.
In this study, we have identified novel circular RNAs of the Fmn gene from kidney and brain that contain scrambled exon junctions. To investigate the developmental role of specific Fmn exons and, in particular, the role of these circular RNA isoforms in the fmn phenotype, we generated two lines of mice deficient in either exon 4 or 5, exons that are present in all the scrambled transcripts identified thus far. Fmn exons 4 and 5 are expressed in adult brain and kidney and embryonic limb bud ectoderm (1, 20 
Materials and Methods
Subcloning DNA Fragments, Southern Blot Transfer, Labeling/Hybridization of Probes, and RNA Expression Analysis Subcloning, Southern blot transfer, and 32P-labeling and hybridization of DNA probes were done using standard procedures (21) . Ribonuclease protection assays were done as described previously (22 4 primers that faced toward each other (i.e., faced inward). With these primers (5' ccccaggctgatgttgtagg 3' and 5' ctttgaaagtctgtgctt 3'), a PCR product would not be amplified using a cDNA template that has been primed from within the middle of exon 4; furthermore, an exon 4 PCR product would not be detected with the Fmn exon 5 oligonucleotide probe shown in Figure 3B . The negative control result from the brain cDNA is shown in Figure 3B ; the results from the kidney cDNA were the same (data not shown). The PCR products were gel electrophoresed and then transferred by Southern blotting to GeneScreen (NEN). The filter was subsequently hybridized with an Fmn exon 5 oligonucleotide (5' cgtctgctctttgaagttgtcacaggg 3'). Exon 5-hybridizing bands were subcloned into the pCRTMII vector (Invitrogen) prior to sequencing.
When this assay was repeated on RNA samples from the brain or kidney of Fmn exon 5-deleted mice and control animals, the same exon 4 oligonucleotide as described above (primer A) was used as a cDNA primer. The outward-facing exon 4 PCR primers that were used in this fmn5KO analysis are as follows: 5' gagctgcaccttgttgatgc 3' and 5' gaaaagcacagactttcaaag 3' (same as primer B2, shown above). For the control RT-PCR to test for the presence of cDNA in each sample, the PCR primers are from exon 2 (5' gagaccaaaggagccagccc 3') and exon 4 (5' gagctgcaccttgttgatgc 3'). The RT (Fig. 4C) . The oligonucleotides for this probe are as follows: 5' cacacatacacatcatgtgg 3' and 5' tcctgccttctaacatgttc 3'. To identify homologously recombined fmn5KO clones, genomic DNAs from the G418 and FIAUselected clones and the parental TC 1 cell line were digested with BamHI and ClaL, followed by Southern blot analysis using a 0.8 kb probe 3' to the targeting vector (see Fig. 4C ). Because this probe contains some repetitive sequences, the Southern blot results were reconfirmed with various other sets of restriction enzymes and alternative probes within the targeting vector (data not shown). ES cells heterozygous for the targeted mutations (fmn4KO or fmn5KO) were microinjected into C57BL/6J blastocysts, and germline chimeras were generated as previously described (26) . Chimeric males were mated with NIH Black Swiss (Taconic) female mice to test for germline transmission (25) , and Fl animals heterozygous for the targeted mutations were intercrossed to generate all genotypes.
Protein Analysis To prepare total organ protein lysates, dissected brain or kidney organs were placed in 5 volumes of lysis buffer and homogenized with a Polytron (Brinkmann Instruments) tissue blender as previously described (27) . An equal volume of 2X SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer was added, and the samples were heated in a boiling water bath for 5 min. The samples were sonicated (Sonifier, Branson) to reduce their viscosity and reboiled before being subjected to SDS-PAGE on a 6% gel. Western blots were performed using standard procedures (28) with antisera A and B (27) , which recognize epitopes encoded by Fmn exons 9 and 6, respectively. Protein bands were visualized by enhanced chemoluminescence (ECL) (Amersham).
Results
Identification of Novel Fmn cDNA Clones Our previous studies showed that transcripts containing Fmn exon 4 are expressed in embryonic tissues as well as in adult tissues such as brain and kidney (1) . To retrieve these exon 4-containing Fmn cDNAs, we screened adult murine brain and kidney cDNA libraries with a 32P-labeled Fmn exon 4 probe. Six major classes of transcripts containing exon 4 were obtained. In Figure 1 , the top diagram shows the arrangement of Fmn exons in the murine genome with the cDNAs containing exon 4 shown below. Surprisingly, 5 of these cDNAs represent scrambled transcripts (14) , since exons found upstream of exon 4 in these cDNAs are actually located downstream of exon 4 in the genome.
To rule out the possibility of cDNA cloning artifacts and to confirm that these scrambled transcripts are authentic Fmn transcripts, a ribonuclease protection assay was done with ribonuclease protection probes (riboprobes) that span all of the scrambled exon junctions shown in Figure 1 , as well as with a riboprobe for the nonscrambled cDNA clone containing exon 4 (shown as the first cDNA clone in Fig. 1 ). Representative results of assays using three ribonuclease protection probes are shown in Figure 2 . Strikingly, these scrambled transcript-specific riboprobes detected strong expression in adult brain and kidney. The scrambled transcripts were found to be highly abundant, representing up to 70-80% of the formin RNA detected by the riboprobe. Each of these scrambled transcripts, all of which exhibit the scrambled junction at the acceptor site 5' of exon 4, were more abundant than the nonscrambled exon 4-containing transcript. Similar levels of abundance in brain and kidney were found in ribonuclease protection assays with the riboprobes for the other scrambled junctions (data not shown).
Evidence for Circularity of Fmn RNA Transcripts When scrambled transcripts were first described, it was hypothesized that such transcripts were likely to be circular in structure (14) . Subsequent inverse PCR studies on the scrambled transcripts of the c-ets-1 and cytochrome P450 2C24 genes have provided strong evidence for this model (17, 18) . We devised a similar inverse PCR assay to test whether the scrambled Fmn transcripts were circular. We synthesized first-strand cDNA from wild-type brain and kidney RNA using an exon 4 primer, denoted primer A, and performed PCR with flanking oligonucleotide primers, denoted B 1 and B2, that anneal to exon 4 sequences and face outward (see Fig. 3A ). With normal linear transcripts, PCR with these outward-facing primers would not yield a discrete product; only circular RNAs would yield specific amplification products. Indeed, PCR amplification resulted in 402-bp and 340-bp RT-PCR products ( Fig. 3B) We repeated the ribonuclease protection assays of the scrambled Fmn transcripts using total RNA, poly(A)+ RNA, and non-poly(A)+ RNA from adult murine brain and kidney. These scrambled transcripts are not retained in a poly(A) + fractionation column, but were present in the non-poly(A) + flow-through fractions (data not shown), suggesting that they do not contain a poly(A)+ tail; this is similar to previous reports of circular transcripts (14, 16, 17 Fig. 4C ). Two of these positive ES clones (clones #6 and #15), heterozygous for the targeted mutation, were injected into C57BL/6J blastocysts, and germline transmission was obtained for both of these clones. For Figure 6 . Besides complete renal agenesis, no other renal abnormalities were detected using histologic sections of kidneys from heterozygous and homozygous fmn4KO and fmn5KO mice. Both adrenal glands (see Fig. 6 ) and the urinary bladder were always present. No gross defects in the male or female genital structures were observed. To address the formal possibility that the low level (1.2%) of renal agenesis observed in fmn5KOlfmn5KO animals could reflect the background degree of renal agenesis seen in mice with this genetic background [combination of 129/SvEv (inbred) and NIH Black Swiss (outbred)], matings of homozygous animals from the same mixed genetic background were also done to score newborn fmn5KOI+ heterozygous mice and wild-type mice for renal abnormalities. In this assay, 2 5 3 fmn5KO/ + mice and 255 + / + mice were sacrificed at birth to check for renal anomalies, and none were found among all 508 of these mice (Table 1) . Similarly, 112 fmn4KQI+ newborn mice also had no renal abnormalities (Table 1) . Using the chi-square statistical test with one degree of freedom to compare the data from our fmn5KOlfmn5KO experimental set (3 animals with renal agenesis and 246 unaffected animals) and a control set consisting of the fmn5KOI+ and + / + mice (0 animals with renal agenesis and 508 unaffected animals with a similar genetic background to the experimental set of animals), we find that x2 = 3.97, and p < 0.05. It should also be noted that our observed 1.2% incidence of renal agenesis in fmn5KOlfmn5KO animals was observed in lines derived from two independently derived ES cell lines.
In addition, homozygous fmn4KO/Ifnn4KO and fmn5KO/Ifn5KO mice were mated to other fmn homozygous mutants to create compound heterozygotes to test for noncomplementation of the finn mutant kidney phenotype (see Table 2 ). We detected noncomplementarity between the fmn4KO and fmnTgBril37 alleles with a 12 % incidence of renal agenesis ( Fig. 3 ) to assess for the presence of Fmn circular transcripts in illustrate the bilateral and unilateral renal agenesis phenotype seen in these mice at the incidence rates presented in Table 1 . Organs contained within the peritoneum that obscured the view of the kidney region were removed prior to photographing. The adrenal glands (at level of white arrows), which are located near the top pole of the kidney, were always present bilaterally. organs of our fmn4KO and fmn5K0 mice. We used RNA from adult brain and kidney since these organs express high levels of circular RNA. For the analysis of fmn4nKO samples, first-strand cDNA was primed with a Fmn exon 5 primer from brain and kidney RNA of mice with the following genotypes: + / + (littermate of the finn4KO mutant animals), fmnr4KO/ + finn4KO/fmin4KO (Fig. 7A ).
Note that an exon 5 primer, not exon 4 primer as in Figure 3 , has been used in this assay since the homozygous fmn4KO/lfmn44KO animal has been deleted for the entire exon 4. PCR amplification was performed using flanking primers facing outward from exon 5. RT-PCR products were hybridized with an exon 5 oligonucleotide probe, subcloned, and sequenced. As shown in Figure 7A (lane 3 for both brain and kidney samples), no circular Fmn transcripts were detected in the homozygousftnn4KO/lfmn44KO brain or kidney. The 395-bp and 333-bp PCR products found in the wild-type and heterozygous fmin4KOI + animals were sequenced, and they represent two circular RNA species (Fig. 7C ) that are the same as those in Figure 3C . As in Figure 3 , the Fmn exons in these circular transcripts were joined accurately at their consensus splice sites.
We simultaneously performed control PCR reactions to ensure that cDNA was present in each sample. For the control PCR (Fig. 7A) , we used primers from exons 2 and 5, which are able :: to amplify a PCR product from a linear Fmn transcript primed with the same exon 5 primer as described above. PCR products from the control reactions that hybridized to an exon 5 oligonucleotide probe were subcloned and sequenced to confirm that the appropriate exon 2 and exon 5 sequences had been amplified. The expected control PCR products were amplified from all of the finn4KO cDNA samples; the brain cDNA control samples are shown in Figure 7A . This circular RNA RT-PCR assay was done similarly to analyze finn5KO mice. Since the homozygous finn5KOlfinn5K) mice lack Fmn exon 5 (see Fig. 4D ), oligonucleotide primers from exon 4, similar to those in the original circular RNA assay (Fig. 3) , were used. cDNA was synthesized with an exon 4 primer using brain and kidney RNAs of +/+, fn5KOI+ and finn5KO/lfmn5KO animals. PCR amplification was performed using primers that faced outward from exon 4 (Fig. 7B) . The control PCR reactions used primers from exons 2 and 4. As shown in Figure 7B (lane 3 for both brain and kidney samples), no circular Fmn transcripts were detected in the homozygous fmn5KOlfmnn5KO brain or kidney, as was the case with the homozygous fmn4KOlfmn4KO animal. The 424-bp and 362-bp PCR products found in the wild-type and heterozygous finn5KO/ + animals, which were sequenced, represent the same two circular RNA species as in Figure 3 and the above fmn4KO analysis (Fig. 7C ).
The exons of these circular species were also joined accurately at their consensus splice sites. The appropriate control PCR products were amplified from all of the fmnn5KO cDNA samples; the brain cDNA control samples are shown in Figure 7B . An additional smaller band was also seen in the control samples (Fig. 7B (19) . However, translation of these circular RNAs was reported as unlikely since no circular transcripts loaded onto polysomes could be detected (19) . All of our scrambled and circular Fmn transcripts contain Fmn exon 4, which has termination codons in all three reading frames, such that no ORF exists across the scrambled exon junction.
Specificity of the Targeted fmn 4Ko and fmn 5Ko Mutations
In this study, we have established that the Fmn exon 4 and exon 5 sequences were specifically deleted from the genomic sequence in the respective fmn4KO and fmn 5KO homozygous mutants. Moreover, we have shown that RNA transcripts from exons 4 and 5 were miSSing in the appropriate homozygous mutants, yet expression of other exons, such as exon 2, which is present in Fmn isoforms I-ill, and exon 6, which is the amino-terminal exon of isoform IV, was relatively unaffected. Mice with homozygous targeted disruptions of exon 6, fmnld-GKO, display a renal agenesis phenotype with a 6% incidence (13) . Hence, it is important to note that our targeted mutations have not perturbed isoform IV (an exon 6-containing isoform) expression, as shown by our ribonuclease protection and Western blot assays. Accordingly, we can rule out the simple explanation that the renal agenesis phenotype seen in our targeted mutant mice arises secondarily to alterations in Fmn isoform IV expression. Our laboratory has also recently generated mice with a targeted disruption of exon 2, an exon near the amino-terminal region of isoforms I-ill, which are expressed in the embryonic dorsal root ganglia, cranial ganglia, and the developing kidney (10 Renal Agenesis in fmn 4Ko and fmn 5Ko Animals
Renal agenesis was observed in our homozygous mutant fmn4KO and fmn 5KO mice with an incomplete penetrance and with different incidence rates of 13.9% and 1.2%, respectively. This difference is likely due to the intrinsic strength of the mutant alleles and not genetic background differences since the background is similar for the two types of mutant animals. Consistent with fmn 4KO being a stronger mutant allele than fmn 5KO , noncomplementarity of the renal agenesis phenotype between fmn 4KO or fmn 5KO and other fmn mutant alleles was only observed with fmn4KO and not with fmn 5KO in combination with another fmn mutant allele. This difference in strength may be related to the fact that exon 4 is a "terminator" exon. Transcripts that contain exon 4 will have an early termination in the translation product, and perhaps its presence plays an important negative regulatory role for translation in normal kidney development. More interestingly, all of the scrambled exon junctions that we have identified in this study always have exon 4 at the scrambled junction spliced to various downstream exollS. Thus, although exon 5 is present in all of our characterized scrambledl circular transcripts, exon 4 may play a much more critical role in the circular RNA formation, which, in turn, may be related to the more severe renal agenesis phenotype seen in fmn 4KO I fmn 4KO mice. We also cannot rule out the possibility that the disruption of the linear (normal order) Fmn transcripts that contain either exon 4 or exon 5 are responsible for or contribute to the renal agenesis phenotype.
Biological Function of Circular RNAs
We have created gene-targeted mutations of Fmn exons 4 
